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摘  要 
1 
摘  要 
苯丙酮尿症 (phenylketonuria, PKU) 是一种常见的常染色体隐性遗传代谢
病，严重危害着人类健康。该病主要是由于苯丙氨酸羟化酶  (phenylalanine 






断和产前诊断。本论文利用实时 PCR 技术平台，提出了一种快速、准确检测 PKU
基因突变的新方法，并将该方法应用于中国人群 PAH 基因突变谱的研究当中，
最终完善了中国人群的 PAH 基因突变谱，具有重要的临床意义，为中国的 PKU
防控奠定了基础。 
第一章，分别对 PKU 的发现、分类和分子机制，以及 PAH 基因的特点进行
综述，并且介绍了临床常用的生化检测方法和基因诊断的研究进展，另外还对







最后对 112 份临床标本进行双盲实验，其中除了 17 个等位基因在体系检测范围

















摘  要 
2 
究所）开展了“轻吻一刻：中国 PKU 突变谱”大型公益研究项目。以多色探针
熔解曲线分析技术为主，结合 DNA 测序技术，对来自中国各地的 307 个 PKU
家系共 929 份唾液标本进行 PAH 基因突变检测，并对检测结果进行统计分析，
最终给出了目前覆盖地域最广、人群最大、突变类型最多、家系信息最为完整的























Phenylketonuria (PKU) is a common and devastating autosomal recessive inherited 
metabolic disorder. It is mainly caused by deficiency or reduced activity of the 
phenylalanine hydroxylase (PAH) because of the mutations in PAH, which inhibits 
the normal metabolism of phenylalanine, and leads to an accumulation of 
phenylalanine (Phe) in the blood and tissue, then resulting in variable severity of 
clinical onset including emotional disorders, seizures and severe hypophrenia. 
Fortunately, it can be treated by restricting the intake of Phe, but, the expensive 
treatment costs bring a heavy economic burden to the family and society. Currently, 
genetic diagnosis and prenatal diagnosis are considered as the most effective way to 
solve this problem and reduce the birth rate of PKU. In this dissertation, we 
established a novel method for rapid and accurate detection of PKU mutations, 
applied it to investigate the mutation spectrum of PAH in Chinese population, and 
finally established the mutation spectrum of PAH among Chinese people. This study 
should be of important clinical significance and helpful for control and prevention of 
PKU in China. 
In chapter one, the discovery, classification and molecular basis of PKU and the 
characteristics of PAH were reviewed, respectively. The advantages and 
disadvantages of biochemical methods which were commonly used in clinical settings 
and the existing molecular diagnostic method of PKU were described. Also, 
epidemiological studies about PKU including newborn screening, prenatal diagnosis 
and the mutation spectrum of PAH were summerized. Finally, the aim, scope and 
significance of this dissertation were given. 
In chapter two, a novel multicolor melting curve analysis (MMCA) method was 
proposed to detect PAH mutations. Firstly, the principle and application of MMCA 
were illustrated. Then, according to the mutation types of PAH and their frequencies 
in China, we established a 3-tube, 4-color detection system that can simultaneously 
detect 27 common mutations based on this technology. The assay could be finished in 















DNA/reaction. Finally, the accuracy and reliability of the method was evaluated by a 
double-blind test involving 112 clinical samples. With the exception of 17 alleles 
outside of the range of our method, all others 207 alleles were correctly detected when 
compared with the DNA sequencing analysis. 
In chapter three, in order to further investigate the mutation types of PAH and their 
frequencies in China, we carried out a public welfare joint project named “Kiss one 
moment: the mutation spectrum of PKU in China” collaborated with the Alliance of 
PKU in China and the Institute of Basic Medical Sciences Chinese Academy of 
Medical Sciences. We mainly used the MMCA technology, assisted by DNA 
sequencing, to detect the PAH mutations of 929 saliva samples collected from 307 
PKU families all over China. Following mutation detection, statistical analysis of the 
detection results was performed. Eventually, we obtained a mutation spectrum of PAH 
for Chinese people that features the widest area, largest population, most mutation 
types, and complete lineage information. 
 
Key words: phenylketonuria; multicolor melting curve analysis; the mutation 
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第一章 苯丙酮尿症及其诊断概述 
第一节 PKU 概述 
苯丙酮尿症 (phenylketonuria, PKU) 是一种常见的常染色体隐性遗传病，由
于苯丙氨酸 (phenylalanine, Phe) 代谢途径中酶缺陷所致[1]。该病是在 1934 年，
由挪威科学家 Folling[2]发现患者尿中含有大量的苯丙酮酸而得名。之后在 1947
年，Jervis 等[3]对患者进行了苯丙氨酸负荷实验，发现正常人肝脏组织的上清液
可以把苯丙氨酸转换为酪氨酸，但是 PKU 患者缺乏这种转换功能，导致 Phe 在
体内蓄积而引发疾病，从而证实了 PKU 患者的发病与肝脏内苯丙氨酸代谢障碍
有关。正常情况下人体内的苯丙氨酸可以在苯丙氨酸羟化酶  (phenylalanine 
hydroxylase, PAH) 的催化作用下转变为酪氨酸，再经过酪氨酸途径代谢为黑色






图 1-1：苯丙氨酸代谢途径  
Figure 1-1: Pathway of phenylalanine metabolism 
 
研究表明，大部分 PKU 是由于 PAH 活性下降或者缺乏所致，少数是由于四
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四聚体形式存在，其单体的分子量为 50KDa 左右，由 3 部分组成[6]（见图 1-2）：
（1）有伸缩性的 N 端调节区（1-142 残基）；（2）α 螺旋高富集的催化区（143-410
残基），其中包括辅酶 BH4 的结合位点；（3）寡单体区（411-452 残基），这其中
包括 C 末端的四聚体区（428-452 残基）。PAH 每个亚基的改变都会引起酶结构




图 1-2：PAH 的组成结构[7, 8]。其中催化区中有 26 或 27 个氨基酸是 Fe3+和辅酶
因子 BH4 的结合点。 
Figure 1-2: Structural components of PAH. The catalytic domain of PAH contains a 
motif of 26 or 27 amino acids which are responsible for ferric iron and cofactor (BH4) 
binding. 
 
根据临床表现、PAH 的活性、血液 Phe 浓度以及对 Phe 的耐受量，我国将
PKU 分为 5 种类型[9, 10]：（I）经典型 PKU，PAH 活性为正常人的 0-4.4%，血 Phe
浓度>1200µmol/L，患者对 Phe 的耐受量<20mg/(kg·d)，临床表现典型；（II）轻
型 PKU，患者对 Phe 的耐受量约 36~50mg/(kg·d)，临床表现比经典型轻；（III）
暂时型 PKU，见于极少数新生儿或早产儿，可能是由于 PAH 成熟延迟所致。刚
出生后血 Phe 超出正常范围，随后逐渐恢复正常。此类患者的智力和生长发育都
正常；（IV）高苯丙氨酸血症，PAH 活性为正常人的 1.5%~34.5%，血 Phe 浓度
<1200µmol/L，患者对 Phe 的耐受量约为 120mg/(kg·d) ，临床表现轻或无，多无
明显智力低下；（V）非经典型 PKU，又称恶性 PKU 和四氢生物蝶呤 (BH4) 缺
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表现较为突出，常见躯干肌张力减低，四肢肌张力增高，不自主运动，震颤，顽




1983 年 Woo 等[12]克隆了 PAH 基因，被公认为 PKU 的致病基因。PAH 基因
定位于染色体 12q23.2[13]，所在区域的长度大约为 1.5Mb，该区域除了 PAH 基因
还包括其他 5 个基因[14]。PAH 全长 171 266bp，由 13 个外显子和 12 个内含子组
成（见图 1-3），转录时剪接内含子后形成仅包含外显子的 1353bp 的编码序列，
翻译形成含有 451 个氨基酸的酶单体，单体再聚合成有功能的 PAH[13, 15]。1985
年 Ledley 等[16]率先应用体外表达的方法来研究 PAH 基因的表达，为研究 PAH
基因突变的功能揭开了序幕。1999 年 Kobe 等[17]运用质谱技术和 X 线衍射技术，




图 1-3：PAH 基因的结构 
Figure 1-3: The basic structure of PAH 
 
迄今为止，在全世界范围内已经发现了 500 多种 PAH 基因的突变类型，这
些突变分布于 PAH 基因中所有外显子、内含子和上下游的非翻译区中，突变类
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